Achieving a balance between low cycle fatigue and creep in alloy 718 critical rotating hardware has become challenging as application conditions become more aggressive and geometries more complex. Optimization of both forge practice and of minor chemistry variations are required to meet this property balance. A review of potential factors influencing creep variation in direct age alloy 718 forgings identified phosphorus level as a statistically significant factor over the range of 50 ppm to 125 ppm. Verification of the findings was accomplished using a series of full scale heats with phosphorus levels targeted to a 90 ppm minimum. Data from the 12 full scale VIM heats, including 104 creep tests from multiple forgings, exhibited an average creep life of 111 hours with Q1 and Q3 distributions of 80 hours and 145 hours, respectively, when tested at 1100F/120 KSI and 0.2% strain. This is an approximate 2X increase in mean life from historical levels. The results of the evaluation show that with an optimized well controlled forge process phosphorus levels above 80 ppm, but below 150 ppm, will improve creep performance of DA alloy 718.
Introduction
In order to meet more challenging requirements being placed on gas turbines, such as longer operating lives and increased fuel efficiencies, the demands on turbine materials are increasing (increased operating temperatures, stresses, high strength and creep resistance, etc.). Achieving a balance in properties with currently available materials has been the focus of much effort. This is especially true for direct age (DA) alloy 718 where its combination of higher strength, and low cycle fatigue (LCF) capability have made it an attractive material for use in engine turbine components [1] . A typical chemistry for alloy 718 is shown in Table I . In an effort to achieve a balance of creep and fatigue properties in a variety of DA alloy 718 components, GE, Wyman Gordon, and ATI Allvac initiated a study to evaluate the factors affecting forging creep performance. A DA alloy 718 turbine disk, forged by Wyman Gordon and used by GE in commercial jet engines, was the focus of the evaluation due to its challenging mix of requirements. The disk is forged using triple melt (VIM/ESR/VAR) alloy 718 billet. After forging, the standard alloy 718 age cycle is applied (1325°F/8 hours + 1150°F/8 hours). Bore area test material (test ring) is used to verify part properties. Periodic creep testing (1100°F/120KSI) is required from both the rim and test ring of the forging to monitor part processing and performance. A schematic of the disk and test ring is shown in Figure 1 , and typical microstructures from the disk rim and test ring areas are shown in Figure 2 . 
Approach
The study was conducted in multiple phases that included an initial review of the potential sources of variation that may affect creep performance. Sources were reviewed, ranked and evaluated through statistical analysis of historical data. Chemisty variation, forge process variation, structure variation (grain size, delta phase distribution) and creep testing variation (gage R&R) were all part of the initial review. Data from multiple turbine disks, from multiple material heats and forge runs, were used in this study. All creep testing was performed by Wyman Gordon at 1100F/120KSI with time to 0.2% strain measured.
As chemistry became the focus of the study, more detailed evaluations were performed. Thirty eight creep bars from a combination of 14 material heats and 25 forgings were selected for a combination of microstructure and chemisty evaluations. The bars were selected to cover a wide range of times to 0.2% strain ranging from 22 to 627 hours. These bars were sectioned for analyses as shown in Figure 3 . GE Global Research and Development determined grain size and delta phase features (fraction, size, inter-particle spacing and aspect ratio) using EBSD (electron back scatter diffraction) SEM, and image analysis techniques. All bars were evaluated for microstructure variation while a selected sub group of 24 bars, covering all material heats, were evaluated for chemistry variation. ATI Allvac determined the test bar chemistry using x-ray fluorescence techniques. Finally, full scale heats of TM alloy 718 were manufactured with an aim minimum of 90 ppm P and applied to the production of forgings. Creep properties were measured from the test rings and rim sections of selected disks.
Evaluations of various factors and their potential influence on creep properties were performed using Analysis of Variance (ANOVA) analyses and simple liner regression of the factor against creep life (time to 0.2% creep data was transformed to log space for analysis). ANOVA analyses helped identify statistically significant differences in selected data sets using creep life (log time to 0.2% strain) as the response variable. In the ANOVA analyses the value of the parameter "p" was used to discriminate factors with statistical significance. The "p" value is the probability of identifying a factor as statistically significant and having that conclusion be wrong. In an analysis, factors with "p" values of less than 0.05 were considered to be statistically significant. 
Results

Microstructure
A summary of all data collected from the 38 samples is shown in Table II. Table II shows the averages, standard deviation and the observed range for the factors from the 38 samples. Grain size was measured using image analysis and Hein intercept techniques. A fine grain size of approximately 2.4 m (ASTM 13 to 14) was measured as shown in Table  II . Measured volume fraction of delta phase was found to vary from 2.8% to 6.7% between the 38 samples. The anisotropy factor is a measure of aspect ratio variation between samples and the inter-particle spacing was measured as both a horizontal and vertical measurement from a delta phase particle in the SEM images. An ANOVA analysis of the microstructural data was performed using log time to 0.2% creep as the response variable. Sequential (factors with highest p values removed between model iterations) ANOVA general linear models were used to evaluate microstructure features. A summary of the analysis is shown in Table III . The variations in grain size and delta phase volume fraction were found to not be statistically significant in the analysis as the p values were 0.418 and 0.764, respectively. Inter-particle spacing and anisotropy were identified as being statistically significant, explaining about 61% of the variation in creep lives (R 2 of 61%), however the variation in model predicted lives did not fit well with observed values and in some cases predicted negative creep lives.
Table III. Results of the General Linear Model for Microstructure Features
A comparison of microstructure for long and shorter life creep samples is shown in Figure  4 . While microstructure differences were noted in the ANOVA analysis, they do not appear to be significant enough to result in such a large difference in creep life. Both had similar grain size as measures by EBSD, 2.2 microns for (A) and 2.6 microns for (B) and both had similar delta phase volume fractions, 5.0 for (A) and 3.9 for (B). Differences in the interparticle spacing and anisotropy of the delta phases were found with sample (A) exhibiting more isotropic delta phase (0.89 vs. 0.03). Based on the results of the microstructure evaluations, it was concluded that variation in microstructural features alone did not explain the large difference in creep lives.
Forge Process
Forge parameters that affect either the metal temperature prior to forging or the actual metal temperature during forging can result in part property variability [2, 3, 4, 5] . Process variables evaluated in this study included:
1. Billet soak time prior to forging 2. Furnace thermal characteristics and differences between furnaces. 3. Transfer times between the furnace and die 4. Deformation time and strain 5. Die temperature.
Processing data from 75 production forgings was used by Wyman Gordon to evaluate the influence of these factors on the time to 0.2% creep. Analysis of the test ring creep variation was performed using ANOVA and regression techniques. Only a forge preheat furnace variation (furnace to furnace) was identified as being statistically significant early in the evaluation. Actions were taken to eliminate this as a source of variation and no other factors were identified as statistically significant.
Chemistry
Initial indications that chemistry variation may be affecting creep performance included statistically significant variation in the creep lives between multiple VIM heats observed between and within forge runs of the disk at Wyman Gordon. An initial screening showed significant heat-to-heat variability with creep life, as shown in Figure 5 . This variability was also found in heats used in a single forge run, as shown in Figure 6 , where heat 9 had a mean creep life of 39 hours (21 data points) and heat 10 had a mean creep life of 123 hours (12 data points). Analysis of the creep lives and chemistries from the specimens showed several elements that were statistically significant but the difference between high and low chemistry values were small and within industry gage R&R for the elements. Those elements were Nb, Cr, Fe, Ni and Ti. Elements that displayed statistically significant variation, outside the gage R&R range, were P, Mn and Co. Fitted line regression plots for Co, Mn, and P variation with log creep are shown in Figure 8 . The regression R 2 values were 74.5%, 77.4% and 70.5% for Co, Mn, and P, respectively Analysis of the chemistry data also found significant correlation between Co, Mn, and P that confounds the interpretation of the influence of each element individually on creep. Regression analysis between the elements highlights the correlation. Fitted line regression plots for P/Mn and P/Co are shown in Figure 9 . Note that Co, Mn, and P all trend in the same direction so that as P increases, for example, so do Mn and Co. Based on the results of the test ring creep analysis, the influence of P on creep properties was selected for further evaluation. While it was realized that confounding between Co, Mn, and P does not allow determination of which element, or combination, is driving the results, process control, and metallurgical knowledge identified P as the element which could be controlled with the greatest potential. The test rings evaluated had P values ranging from 49 to 125ppm.
Confirmation Trials
As a result of the evaluation of production heats and properties that identified P level as statistically significant, 12 alloy 718 heats were manufactured with a minimum P level of 90 ppm for evaluation. ATI Allvac converted ingots to billet using approved homogenization and conversion practices and Wyman Gordon applied the billet to the manufacture of direct age forgings (Figure 1) . Table IV summarizes the heats, forgings and creep tests from the confirmation trial study. Actual P levels measured in the final billet ranged from 90 ppm to 110 ppm as shown in Table IV . A total of 62 forgings were produced in 12 forge runs using production forge practices. From each forging, the test ring was removed and evaluated for grain size, creep response and tensile strength. A total of 104 creep tests were performed. Wyman Gordon performed creep testing from test rings excised from forgings made from the confirmation heats. The results of the creep tests are shown in Figure 10 . Mean creep life was 111 hours and the distribution quartiles, Q1 and Q3, were 80 and 145 hours, respectively. As can be seen in Figure 11 , little variation of creep life with P level was found over the range evaluated in the confirmation trials. 
Discussion
P contents in alloy 718 are typically in the range of 40 ppm to 70 ppm and in general producers tend to keep the levels well below the typical industry maximum of 150 ppm. Phosphorus ranges evaluated in this study included P levels higher than the typical range but are within historical experience. Occasional heats of alloy 718 are produced with P levels in the 100 to 110 ppm range and a review of alloy 718 P levels back to the mid 1980's shows P levels in the range of 100 ppm to 130 ppm were not uncommon. Figure 12 (A) shows the creep variation with P level evaluated in this study (historical test ring data and confirmation heats data) with a quadratic fit through the data. With a well controlled and optimized forge process, specifying a minimum level of P can have a beneficial effect on creep. For example, by requiring an 80 ppm minimum P the average creep life could be improved from 47 hours (P in the range of 50 ppm to 80 ppm) to 120 hours (P in the range of 80 ppm to 125 ppm) with the corresponding Q1 and Q3 distribution quartiles improved. This is shown in Figure 12 (B) as box plots of creep life for P in the 50 to 80ppm range compared against 80 ppm to 125 ppm P. While the data in this study supports the beneficial impact of P on creep performance, the effect is not P alone. Creep response in forgings can be affected by many factors including selected nominal forging parameters, process variability, forging microstructure, and chemistry. When a forge process is optimized and variability reduced, higher P levels can have a beneficial affect on creep life. No amount of P will compensate for a nonoptimized forge process.
In addition to creep, other mechanical properties from the forgings were evaluated and no degradation identified. During this study three disk forgings from higher P heats (80 to 100 ppm P range) were evaluated for microstructure conformance, tensile properties, low cycle fatigue properties and creep performance. The data was consistent or above historical experience for the disk and no degradation in these properties were identified. In addition, since the completion of this study multiple alloy 718 forgings have been produced and evaluated with P levels in the 80 ppm to 120 ppm range with no degradation in properties noted.
The influence of P on creep life observed in this study is consistent with a growing amount of data generated since the mid 1990's. Up to that time the general consensus was that P is a detrimental element under certain operating conditions. [6] [7] [8] . However, early work by Bieber and Decker [9] indicated P, in small amounts, was beneficial to malleability. The role of P became clearer in 1994 when Cao and Kennedy [10] demonstrated that increasing the P level of 718 up to 0.022% significantly improves stress rupture and creep properties. The improvement in stress rupture life and average creep rates exceeded an order of magnitude when P was raised from a few parts per million to 0.022%. In this study, the P level was consistent with a specification limit of 0.015% maximum. The beneficial effect of increased P contents has been substantiated in subsequent studies by other investigations [13] [14] [15] [16] . 
There has been some concern about the impact of higher P on weldability. However, investigations by Cao and colleagues [18] found no detrimental affects with increasing P. Welding and Gleeble testing by Richards and Chatuwedi [19] reported degradation in weldability that was more pronounced when C was very low.
At present time, many suggestions have been made regarding the mechanism of the beneficial effect of P in alloy 718, but none of them has been conclusively proved. It appears that the most reasonable explanation would be the effect of P on grain boundary cohesion and dislocation mobility [17] . Atom probe work has demonstrated that P atoms in alloy 718 distribute only at two types of sites, grain boundaries and phosphorates [20] .
No preferential distribution of P atoms at other boundaries and dislocations was found. This indicates that the effect of P atoms most likely come from its effect on grain boundary characteristics. It is possible that P atoms segregating at grain boundaries increase the grain boundary cohesion and reduce the mobility of dislocations at grain boundaries, leading to improved hot ductility and increased stress rupture and creep resistance of alloy 718.
Conclusions
Creep in DA alloy 718 forgings is affected by many factors including nominal forging parameters, process variability, forging microstructure, and chemistry.
With an optimized and robust forge process phosphorus levels in the range of 80 to 125 ppm can offer the potential for improved creep performance.
Verification trials from 62 forgings with phosphorus levels of 90 ppm to 110 ppm showed an approximate 2X increase in time to 0.2% creep for the test conditions and disk configuration used in the study.
Mechanical properties, in addition to creep, of critical rotating parts made from TM alloy 718 with 80 to 125 ppm phosphorus levels have also been evaluated. No detrimental effects on stress rupture notch sensitivity or ductility, tensile strength or low cycle fatigue properties were identified.
